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SUMMARY

Under NASA Contract NAS 7-372, issued by NASA OART and technically directed
by the Jet Propulsion Laboratory, Rocket Research Corporation, Seattle, Washington, under-
took a program for development of design and scaling criteria for monopropellant hydrazine
reactors employing Shell 405 spontaneous catalyst. The contract effort was initiated
April 17, 1965, This document represents the final report on Contract NAS 7-372 and
is contained in two volumes; Volume | presents the contract scope of work, test plan,
engine design employed and summarizes the test data obtained; Volume Il presents the
correlation of the test data into design and scaling formulae and represents a design manual

for monopropellant hydrazine reactors employing the Shell 405 catalyst.

Initial tests on the program were conducted to determine the effects of injector
parameters on engine operation. A showerhead injector and a rigimesh injector were
evaluated. . Injector pressure drop, propellant mass distribution onto the catalyst bed,
and injector height from the catalyst bed were varied in a systematic manner. Tests were
carried out at thrust levels of 0.5, 5, and 50 Ibf. The results indicate that the showerhead

injector is superior to the rigimesh injector on the basis of smoother operation.

With the showerhead injector it was found that smooth start transients and steady
state operation could be obtained with low pressure drop injectors. As a design guideline
the injector pressure drop can be held at 10 to 20% of chamber pressure. Reactor operation
was rather insensitive to the number of injector orifices (propellant mass distribution onto
the catalyst bed) but it does appear that approximately 6 orifices per square inch of catalyst
bed cross-sectional area results in optimum performance. Under certain conditions smooth
operation could be obtained with the injector away from the catalyst bed, but better over-

all performance was obtained with the injector flush with the top of the catalyst bed.

During initial engine testing, large chamber pressure oscillations were encountered.
It was found that these oscillations could be reduced and/or eliminated through the use of
a layer of fine mesh catalyst on the top of the catalyst bed. This provides higher catalyst
surface area per unit volume of catalyst and apparently stabilizes the flame front near the

top of the catalyst bed on ignition.

Subsequent testing on the program investigated the effects of reactor design parameters

on engine operation and performance. Chamber pressure was varied from 50 to 1,000 psia,

‘/’v'. i



bed loading from 0.01 to 0.045 lbm/inz-sec, and catalyst bed length from that required
for satisfactory (smooth) engine performance to a value which resulted in approximately
85% ammonia dissociation., Tests were carried out at thrust levels of 0.5, 5, and 50 Ibf,
This data, correloted with theoretical models of reactor operation, served as a basis

for development of design and scaling formulae for monopropellant hydrazine reactors.
Equations and design criteria were developed to define catalyst bed configuration,
ammonia dissociation, catalyst bed pressure drop, and chamber pressure rise time as a

function of the reactor design parameters.

The design and scaling criterio developed at the 0.5 to 50 Ibf thrust level were
used to design a 100 |bf engine. This engine was fabricated and tested to demonstrate
the applicability of the scaling formula to higher thrust levels. Performance of this
engine was as predicted by the scaling criteria and demonstrated the validity of the

design and scaling criteria over a 200:1 thrust range.

A 5 |bf flightweight engine was designed and fabricated as a final task of the
program. This engine was subjected to testing with propellant mixtures of hydrazine,
hydrazinium nitrate, and water with the mixtures so selected that they had the same
theoretical flame temperature but reduced freezing points as neat hydrazine. Three
mixtures, which had freezing points of +20°F, 0°F, and -20°F, were successfully tested
with very little difference noted in reactor operation between the three propellant

mixtures,

Changes in catalyst carrier surface area and active metal surface area with accrued
test time were measured during the program. |t was found that the surface areas drop to
approximately 70% of their original value after a short period of time and stabilize at
that point. No change in reactor operation was noted as a result of this surface area

change .



1.0 INTRODUCTION

This document constitutes Volume | of the Final Report of the Rocket Research
Corporation "Development of Design and Scaling Criteria for Monopropellant Hydrazine
Reactors Employing Shell 405 Spontaneous Catalyst" program conducted under Contract
t.» the NASA Western Operations Office, Santa Monica, California, Contract NAS
7-372. This volume covers the contract scope of work, program test plan, engine

design used in the study, and summarizes test data obtained during the program.
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2.0

CONTRACT SCOPE OF WORK

2.1 General
The objective of NASA Contract NAS 7-372 was to determine and demon-

strate the design techniques and to develop the empirical scaling formulae necessary
for the design of monopropellant hydrazine reactors over a thrust range of 0.5 to
100 Ibf. All of the reactor designs and tests employed the Shell 405 spontaneous
catalyst developed under NASA Contract NAS 7-97. The design techniques and
scaling formulae developed are applicable to the design of either rocket engines.
or gas generators. An additional part of the contract was the demonstration of a
flightweight 5 Ibf engine operating under pulsed and throttled modes of operation
and also operating with hydrazine mixtures (hydrazine, hydrazinium nitrate, and

water) which have low freezing points.

To develop the necessary scaling and design criteria, an experimental and
analytical program was performed which includes the design, test, and evaluation
of several engine configurations. Based on these evaluations, the design and scaling
formulae were developed. The program was divided into two main phases which are

summarized in the following sections.

2.2 Phase |

The work performed in Phase | provided the necessary data for development
of design and scaling formulae. This work was divided into the three following

tasks:

2.2.1  Task |

The Task | effort involved the evaluation of several catalyst bed
and injector configurations at thrust levels of 0.5, 5, and 50 pounds. The
engines were designed for a nominal chamber pressure of 150 psia. At each
thrust level at least the following parameters were varied in a systematic

manner to determine their influence on reactor operation:
a. Chamber pressure
b. Catalyst bed loading

c. Catalyst bed length

Preceding page blank |



f.

Catalyst particle size, shape, and roughness

Injector design parameters such as pressure drop, orifice
types, uniformity of flow distribution in catalyst bed,

and injector location from catalyst bed

Catalyst bed porosity .

The influence of each of the variables were judged by determi-

nation of the following:

2.2.2

a.

Injector and chamber configuration(s) which minimize ignition
delay time, chamber pressure rise and decay times, and pre-

vent excursions of chamber pressure from the design level
Minimum residence time required for reliable ignition

Ammonia dissociation as a function of bed loading, chamber
pressure, characteristic length, catalyst bed porosity, and

catalyst particle size, shape, and roughness

Determination of catalyst bed pressure loss as a function of
bed loading, chamber pressure, catalyst bed porosity,
catalyst particle size, shape and roughness, and catalyst
bed length

Reactor operation as a function of catalyst bed pressure loss

Factors which significantly degrade catalyst life. In particular
the change in surface area and activity as a function of engine

run time

Characteristic velocity and specific impulse as a function
of chamber pressure, characteristic length, bed loading,

injector configuration, and catalyst bed configuration.

Task 11

Based on the design and scaling criteria developed in Task I, a

100 Ibf engine was designed, fabricated, and evaluated to validate the

scaling formulae developed at the thrust levels of 0.5, 5, and 50 pounds.



The evaluation was based on determination of the following minimum re-

actor performance factors:
a. Characteristic velocity
b. |Ignition delay time and repeatability
c¢. Chamber pressure rise and decay time and repeatability
d. Catalyst degradation
e. Combustion stability.

2.2,.3  Task HI

Based on the data obtained in Tasks | and I, the appropriate design
and scaling formulae were developed to define the design of rocket engines

and gas generators with the following items being developed:

a. Fomulae defining catalyst bed configuration as a function of
the reactor design parameters including chamber pressure, bed

loading, and catalyst size.

b. Formulae or guidelines which define the pertinent injector

design parameters necessary for reactor design

c. Equations which predict catalyst bed pressure loss as a function
 of the physical properties of the catalyst, chamber pressure,

bed loading, and catalyst bed length

d. Physical properties of the catalyst bed such as porosity and
specific surface area as a function of reactor configuration

and catalyst particle size, shape, and roughness

e. Formulae or curves defining ammonia dissociation as a function
of the catalyst physical and chemical properties, residence time,

and chamber pressure ,

2.3 Phase ll

The results of the Phase | effort provided design criteria for the optimum
design of rocket engines and gas generators within the limits of the variables tested.
Based on these design techniques, a flightweight 5 Ibf engine was designed, fabricated,



and tested. The engine was to be subjected to three types of testing described

below.

Pulse mode testing in a vacuum environment for two conditions as specified

below:

a. A duty cycle of 100 £ 10 milliseconds on a 500 + 10 milliseconds

off for a total elapsed time of one and one-half hours (approximately

13,500 pulses).

b. A duty cycle of 100 + 10 milliseconds on and 15 to 30 minutes off
for 3 days of continuous operation (144 to 288 pulses).

Using the same engine design, throttling tests were to be conducted at a
variety of throttled conditions. The tests were to utilize a variable area valve,
located immediately upstream of the propellant valve, which would create pressure
loss upstream of the injector, Tests were to be conducted over at least a 10:1 ratio
of thrust,

Additional steady state tests were conducted with propellant mixtures of
hydrazine, hydrazinium nitrate, and water, The mixtures were selected such that
the flame temperature was equal to or less than that of anhydrous hydrazine. Test-

ing was conducted with mixtures having freezing points of -20°F, 0°F, and +20°F .

The aoforementioned pulse mode and throttling tests were not conducted on

the program due to funding limitations.



3.0 TEST PLAN
3.1 General

To accomplish the objectives of the scope of work contained in Section 2.0,
a series of experiments were developed at varied thrust levels to explore the effects
of operating conditions, catalyst characteristics, and geometry of injector and re-
actor on the performance of monbpropellant hydrazine rocket engines and gas

generators employing the Shell 405 spontaneous catalyst.

During the experimental test program, theoretical reactor models were
developed which attempted to define both the transient and steady state phases of
reactor operation. These models served as a basis for correlating the experimental

test data and development of the design and scaling criteria.

Details of the test plan for the program are presented in Rocket Research
Corporation document 65-R-36 "Contract NAS 7-372 Program Plan" dated May 24,
1965. The highlights of this test plan are covered in the ensuing sections for each

of the phases of the contract.

3.2 Phase | Test Plan

3.2.1 Task | Test Plan

In order to minimize the number of test variables occurring at any
one time, the test plan for Task | was divided into three separate subtasks.

Each of the subtasks is described in the following paragraphs.
3.2.1.1 Subtask |

‘The first part of the program was an investigation of two
injector designs and the effect of the injector design variables on
reactor performance and operation. For these tests, bed loading,
chamber pressure, bed length, and catalyst particle size and shape
were held constant at each thrust level . The injector designs are
described in Section 4.1. A typical test matrix used for the injector
testing is shown in Figure 1. Testing in such a manner allowed
independent determination of the effects of injector pressure drop,

mass distribution, and injector distance from the catalyst bed. It
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is emphasized that this portion of the study was not necessarily

aimed at determination of the optimum injector for use with the
Shell 405 catalyst. Rather it was aimed at defining rational in-
jector design criteria that could be effectively employed in the

latter phases of the program.
3.2.1.2 Subtask Il

Subtask |l of the test program is concerned with optimizing
the catalyst size and shape. The injector type and configuration,
bed loading, bed loading, bed length, and chamber pressure were
held constant at each thrust level for these tests, Tests were con-
ducted with a variety of catalyst sizes to determine that required

for smooth and stable engine operation,
3.2.1.3 Subtask Il

Having determined injector and catalyst particle size and
shape effects, the third Subtask was concerned with determining the
effects of chamber pressure, bed loading, and catalyst bed length on
reactor operation. Chamber pressure was investigated over a range
of 50 to 1,000 psia, bed loading over a 4.5:1 range (approximately
0.010 to 0.045 lbm/inz-sec), and bed length from the minimum
required for ignition to that required for approximately 90% ammonia
dissociation. A typical test matrix used for this phase of the testing

is shown in Figure 2,

3.2.2 Task Il Test Plan

Upon completion of the Phase !_testiﬁg, the design data was extended
to the design, fabrication, and evaluation of a 100 Ibf engine. The evaluation

criteria for this engine are as described in Paragraph 2.2.2.

3.2.3 Task [l Test Plan

Throughout the first two phases of the program, theoretical reactor
models were generated and the test data fit to the models. Upon completion
of the Phase | and |l test program, the final design and scaling criteria were

developed based on correlation of the test data to fit the theoretical models.



09-V | 65-V | 86-v | £5-v | 96-v | SS-v | ¥S-v | €S-V | zs-v | 1s-v | os-v | &v-v | sv-v | s#-v | opv-v
m
SY-v | vb-v| ev-v | Zv-v | 1v-v | Ov-v | 66-v | 8-V | se-v | 9¢-v | se-v | ve-v | ee-v | ze-v | 1~V m
Z
)
| I
0c-v | 62-v | 82-v | sz~v | 9z-v | sz-v | ¥z-v | €z-v | zz-v | 1z-v | 0z-v | 6l-v | 81-v | Z1-v]| 9l-v
Sl-v | vI-v | el-v | ZI-v | tLI-v | ol-v¥| ¢V | 8V ]| V]| 9-v| sv!| ¢v-v| e-v | z-v | 1I-v
000l | s« [ Sz [ <ol os | oool| s# | Szz | sol 0S ool | sa | szz | sol 0
(o1sd) PYNSSII YITWVHD
Y070 SL1Z0°0 10°0

Aua-mc_\ﬁ__v ONIQvO1 038

S1S31 HIDN31 439 ANY ‘3¥NSS3¥d ¥3GWVHD
‘ONIQVO1T @38 ¥04 XI¥LVW 1531 1VDIdAL

FIGURE 2

-10-



Ay

[

4.0 REACTOR DESIGN

4.1

Injector Optimization Tests

4.1.1  Thrust Chamber Assembly

The engine designs used for the injector optimization testing are
summarized in Table | with the pertinent design parameters being listed for
each engine. A cross sectional view of the 0.5, 5, and 50 Ibf engines is

shown in Figures 3, 4, uhd5 respectively.

The chamber and nozzle assembly of the 0.5 and 5 |bf engines are
machined from 347 stainless steel bar stock. On the 50 Ibf engine, the
chamber is made of Haynes Alloy No. 25 sheet stock. The nozzle and
chamber flange are made of 347 stainless steel and are welded to the Haynes
Alloy No. 25 chamber. The chamber walls of all three engines are coated with

a 0.020 inch thickness of Rokide Z (zirconium oxide) to minimize heat losses.

The injector is flanged to the chamber to facilitate changes of injector
configurations and catalyst particles sizes and shapes. A retaining plate-screen
assembly is used to retain the catalyst at the downstream end of the chamber.

The retaining plate is made of 347 stainless steel. The lower screen for the 0.5

and 5 |bf engines is 60 x 60 mesh molybdenum screen of 0.005 inches wire diameter.

The lower screen for the 50 Ibf engine is 10 x 10 mesh molybdenum screen of

0.025 inches wire diometer. At the upstream end of the chamber, a screen, held
in place by the chamber and injector flanges, retains the catalyst bed. The size
of the upper screen for all three thrust levels is 60 x 60 mesh molybdenum screen

of 0.005 inches wire diameter.

The injector consists of a flat plate in which various orifice sizes
(to vary hydraulic pressure drop) and various numbers of orifices (to vary

mass distribution) are machined.

Propellant is fed to a distribution manifold through a single tube

for all three thrust levels.

Either K-seals or copper-asbestos gaskets are used for the injector

to chamber gas seal.

-11 -
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i TABLE |
‘ ' TASK | - ENGINE DESIGN SUMMARY

0.5 |Ibf Thrust 5.0 Ibf Thrust 50 Ibf Thrust

‘Design Parameters Engine Engine Engine
Vacuum Thrust, Ibf at
€= 50:1 05 5.0 . 50.0
Predicted Sea Level Thrust,
Ibf at €= 4:] 0.34 3.4 34.0
Chamber Pressure, psia 150 150 150
Engine Flow Rate, lbm/sec 0.0022 0.0213 0.213
Chamber Diameter, in 0.544 1.205 3.010
Catalyst Bed Length, in 0.880 1.785 2.680
Characteristic Length'!), in 100 100 100
Throat Diameter, in 0.050 0.156 0.492
( Exit Diameter, in 0.100 0.312 0.984
: Chamber Wall Thickness, in 0.022 0.050 0.035

(1) Based on empty catalyst bed volume.
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4.1.2 Showerhead Injector

The showerhead injector consists of a flat plate in which orifices
of various size (to vary pressure drop) and of various numbers (to vary mass
distribution) are drilled. The following criteria was used in the analysis

and design of the showerhead injector elements:
a. The orifices shall be located in circular rows

b. The minimum orifice diameter shall be approximately 0.010

inches

c. The distance between the chamber wall and the outer orifice

row shall be equal to the spacing between orifices
d. The orifices shall cover equal areas of the catalyst bed.

Analysis of criteria (a), (c), and (d) above results in the following

equation for determination of the spacing between orifices:

s - mwn Dc
Ny + 7n? + 77
Where:

S = Spacing between orifices
Dc =  Catalyst bed diameter
n = Number of rows of orifices
Ny = Total number of orifices
7 = 3.1416

A summary of the showerhead injector design details used in the test-

ing is presented in Table II.

4.1.3 Rigimesh Injector

The rigimesh injector is basically a modified showerhead type in-

jector in which the local bed loading (bed loading under each orifice) is

- 16 -



TABLE I
SHOWERHEAD INJECTOR DESIGN SUMMARY

0.5 Ibf THRUST ENGINE

Pressure Drop Number Orifice

___psid Orifices Dia., in. Orifice Spacing
15 1 0.0145 Single Orifice in Center
45 1 0.0112 Single Orifice in Center
75 1 0.0097 Single Orifice in Center

5.0 Ibf THRUST ENGINE
0.0275 Equally Spaced on 0.377 Diameter B.C.

15 3

45 3 0.021 Equally Spaced on 0.377 Diameter B.C.

75 3 0.0185 Equally Spaced on 0.377 Diameter B.C.

15 6 0.0182 Equally Spaced on 0.569 Diameter B.C.

45 6 0.0140 Equally Spaced on 0.569 Diameter B.C.

75 6 0.0123 Equally Spaced on 0.569 Diameter B.C.

15 4 0.015 Equally Spaced on 0.685 Diameter B.C.

45 9 0.0114 Equally Spaced on 0.685 Diameter B.C.

75 9 0.v100 Equally Spaced on 0.685 Diameter B.C.
50 Ibf THRUST ENGINE

15 20 0.0320 13 on 2.036 Diameter B.C.

s 20 0.0243 7 on 1.062 Diameter B.C.

75 20 0.0213

15 - 40 0.0225 20 on 2.276 Diameter B.C.

45 40  0.0172 13 on 1.542 Diameter B.C.

75 40 0.0151 7 on 0.808 Diameter B.C.

15 60 0.0183 24 on 2.394 Diameter B.C.

45 40 0.0140 18 on 1.778 Diameter B.C.

75 60 0.0123 12 on 1.162 Diameter B.C.

6 on 0.546 Diameter B.C.

-17 -



4.2

appreciably less than the injector described in Paragraph 4.1.2, The
rigimesh injector consists of a number of circular rigimesh discs which were
press fit into a retaining plate. Each disc is approximately 0.25 inches in

diameter,

The spacing criteria utilized for the showerhead injector described

in Paragraph 4.1.2 was also used for the rigimesh injector.

Table 11l summarizes the design of the rigimesh injectors for each
engine thrust level . Figure 6 shows a photograph of typical rigimesh and

showerhead injectors tested on the 50 Ibf engine.

Catalyst Bed Parameter Studies

The reactor designs for the catalyst bed parameter studies were designed to

be capable of independent variations in bed loading, chamber pressure, and

catalyst bed length, Various length chambers were manufactured for variations of

catalyst bed length., Each chamber had removable nozzles so that bed loading

and/or chamber pressure could be varied. The nozzles were sized to permit bed
loading studies at 0,01, 0.021, and 0.045 Ib/inz-sec and chamber pressure
studies at 50, 105, 225, 475, and 1,000 psia.

A showerhead injector was utilized for all of the tests with the design

criteria for the injector based on the results of the injector optimization tests.

At all conditions the injector pressure drop was maintained at 10 to 20% of steady

state chamber pressure ,

The following sections describe the details of the engine designs at the 0.5,

5, and 50 Ibf thrust levels.

4,21 50 Ibf Engine
The 50 Ibf engine design is shown in Figure 7. The injector design

criteria is based on the results of the injector optimization testing and is as

follows:

a. 40 orifices with 7 holes on a 0.808 inch diameter, 13 holes
on a 1.542 inch diameter, and 20 holes on a 2.276 inch

diameter,

-18 -



TABLE Il
RIGIMESH INJECTOR DESIGN SUMMARY

0.5 Ibf THRUST ENGINE

Pressure Drop Number Rigimesh Disc Spacing
psid Discs
15 ] Single Disc in Center
45 1 Single Disc in Center
75 1 Single Disc in Center

5.0 Ibf THRUST ENGINE

15 1 Single Disc in Center
45 1 Single Disc in Center
75 1 Single Disc in Center
15 4 Equally Spaced on 0,449 Diameter B,C,
45 4 Equally Spaced on 0,469 Diameter B,C.
75 4 Equally Spaced on 0,449 Diameter B.C.
15 7 Equally Spaced on 0,635 Diameter B.C.
45 7 Equally Spaced on 0. 635 Diameter 8,C,
75 7 Equally Spaced on 0,435 Diameter B.C.
50 Ibf THRUST ENGINE
15 7 Equally Spaced on 1,586 Diameter B.C,
45 7 Equally Spaced on 1.586 Diameter B.C.
75 7 Equally Spaced on 1,586 Diameter B.C,
15 13 Four Equally Spaced on 0,638 Diameter B.C,
45 13 Nine Equally Spaced on 1.824 Diameter B.C.
75 13
15 19 Six Equally Spaced on 1,014 Diameter B.C,
43 :: Thirteen Equally Spaced on 2,012 Diameter B, C,
75

- 19 -
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b. Injector pressure drop to be approximately 10 to 20% of

steady state chamber pressure.

c. The injector is to be mounted flush with the top of the

catalyst bed.

The chamber of 3.01 inches diameter is flanged on both ends to
permit removal .and.replacement of varidus injectors and nozzles as re-
quired for the test program. The chamber is made of Haynes Alloy Number
25 Sheet Stock. All remaining parts are made of 321 or 347 stainless steel ,

Three thermocouple taps are utilized on the engine, Two measure

catalyst bed temperatures and the third measures exit gas temperature,

Pressure taps are utilized to measure upstream and downstream chamber

pressure. An additional tap is utilized for taking gas samples.

A Marotta solenoid valve MV =100 is used as the propellant valve.

4.2.2 5 Ibf Engine
An assembly drawing of the 5 |bf engine is shown in Figure 8. A

showerhead injector design is used with the following design parameters:
a. Six orifices machined on a 0,569 diameter

b. Injector pressure drop is maintained at 10 to 20% of chamber

pressure

c. The injector is mounted flush with the top of the catalyst
bed.

The chamber of 1,205 inches diameter is flanged at the upper end
to permit removal and replacement of injector plates. The outlet of the
reactor consists of an AN fitting to which various sized nozzles, machined
in AN 929 fittings, are attached. All parts are made of 321 or 347 stainless
steel . Thermocouple taps are located along the chamber to measure catalyst
bed and gas outlet temperatures. Three pressure taps are utilized to measure
upstream and downstream chamber pressure and to take gas samples down- '

stream of the catalyst bed.

An Eckel solenoid valve Model No. AF 56C-A51 is used as the

propellant valve.

-25 - Reverse Side Blank

Precéding page blank







4 I 3

A BEMOAE Ll B, ol L TP RS I
2 ATEROSET AZArsir2 s IAER Il i o

B> 76 el AEW st

o DIE Ol TS T LT AR

FIPE ZAIETNELD ST S

- OEE A

TR

B> mrocwrnds T sri oL
&y Faw -

As 7

PP S

s RN S

@ -
. \.‘
e
@ . FITTIARS AN P D SE e
g EH IE e FOS EN s T2
I’Y’
-2 ASSENMEBL
4 . ~ 3 2

21 !

. Préceding paéé hlankn






. ~'- “wh | s
’ WS -20 | - SESC A SaW . FASED
’ WILL AT/ | AL AT ELE 5. R NE 37
-
& L2
’ Wwa3sxe- 33| GeseET
/ wsaesac| scaant
- T, 7Cr, T
, lnamwc [ wr
/ s 9-gC | ae”
‘ Wr0-2,r98 | MES SCOEF A
z |2¢ 1998 | B¢ D775
3 24 202 -r8 |72 £ 7Ti0S
7 /9 wAhLTaR 4SSy
18 ¥
L
. -5 |wwo nes |EIT7ETAAcC
ree DR And
’ -11 EZIE &S W,
7 -9 R4 o ATT
’, > |aer w1 T TLS
‘ I N e
’ -3 s aesT
. [ P2
vaasd -_,_ ol com | e | Emivme
UST GF MATH

ROCKET RESEARCH CORPORATION
SATTLE. WASHINGTON

TR ST CHEMRED LS S
18 LEFS & LA A
A562 (3| LS 2/

A7 kNI Gl

FIGURE 8






4.2.3 0.5 |bf Engine
An assembly drawing of the 0.5 Ibf engine is shown in Figure 2.
A single element showerhead injector is utilized which is mounted flush

with the top of the catalyst bed.

The chamber of 0,544 inches diameter is flanged at the upper end
to permit removal and replacement of injector plates. The outlet of the
reactor consists of an AN fitting to which various sized nozzles, machined
in AN 929 fittings, are attached. Pressure taps are utilized to measure
upstream and downstream chamber pressure and to take gas samples.
Because of the smallness of the chamber no thermocouple taps are used on

the engine.

An Eckel solenoid valve Model Number AF 56C-A53 is used as

the propellant valve,
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5.0

TEST APPARATUS AND TEST PROCEDURES

5.1 Propellant Supply System

A schematic of the test cell setup for engine testing is shown in Figure 10.
A line supply for each engine thrust level feeds off of a common hydrazine supply
tankage. Flow meters are contained in series for each thrust level to obtain higher
accuracy in measurement of flow rate. All valving is actuated remotely from the
firing console. Teflon-lined stainless steel flexible lines are used to attach the —
propellant supply to the engine fire valve in order to provide a negligible resist-

ance to the thrust measurement.

5.2 Thrust Stand

Teoa -,
iao

The thrust stands utilized for testing are of the parallelogram type. The
stand consists of a reactor mount, suspended by four flexures from an inverted e
"L" shaped support. For the 0.5 and 5 Ibf thrust stands (Figure 11) the flexures
are stainless steel sheet stock 0.005 inches thick. For the 50 Ibf engine thrust .
stand (Figure 12) Bendix Flexural Pivots are used. The axial thrust load is taken
out by a Schaevitz-Bytrex load cell. The load from the thrust stand to the load
cell is transmitted by a spherical load button acting on a flat plate in the 0.5 and
5 Ibf thrust designs and by a flexure in the 50 Ibf stand design. These designs

eliminate application of side loads to the load cell to ensure high accuracy

measurements. :

Calibration of the stand is accomplished by application of known weights
acting over a low friction pulley or a Bendix Flexural Pivot. The estimated fric- Q-

tion error of the pulley is less than 0.06 percent of rated thrust.

5.3 Instrumentation

The contract specified that the reduced measurement error in pressure, flow
rate and thrust measurements shall be less than 0.5 percent 30°. In order to accomplish
this high accuracy all measurement devices procured had a specified error source of
not greater than 0.25 percent. The gauge types used in the testing are described
below. High accuracy recording equipment is used to assure that the total measure-

ment error is less than 0.5 percent 3 &.

-33 -

Preceding page blank



JIIVW3IHOS MIID 1531

" seonpwun)] singosedwe | @

Jsonptuni ) sineseyy ®
BAIDA yo1joy £

ullmﬂ:

~

N

e

FIGURE 10

-34 -



-

- ——— —————

————

- MEMOVE ALL BUARSE ¢ S-ARS TS .
1 INTERMEET ORAW b SRR MiL-&TE - DS,
WS AEEFTABLE GUBST TUYE : ANIIS 4L OR
- ANY NO 4 - AONE SCEEW Vg O,

LHES TRAFERED .

W ACEPTABLE BUBSTITUTE : ANBIN - O
oM ANY ND O-BL SCTEwW DR BDLT /g
FPREFIRAS .Y CWMES

> A RETABLE SUBATTTUTL! meks 1392 O0- L P
OR RNY N4 - 40 W REw Vg “ONG
TREFERABLY CREA.

B> ACOEPTRABILE WRLTTUTE | NAR BAL-B-8F
O AN NG 0. 37 WEATN OR BT
by LOnG PREFERARLY CRRG .

A AP TABLL SBNTTUTR ok (VB -08- T4B
DM ANT NO. B-BT SCREW “"l =L W
REFTRAGLY CRBS.

- .
Onte

Nt RBT: Ol = | O
(=

. =3 MOUNTS won

I6ILO Eh ks, OMLY.
0 PMSNATE AL CRES FANTS PR OG- 34 Tree T.

At SSZC 3-8
M IR

1 — -y
teacen . NEARY .
RO mAnCT —_-za

— A BITLOL W,
SUREORT STRCTIE REW — -2y (RIS N,
SRE Dwh AL OR WA 430

/—NA""SZ OB - Tae
S wsZioas -oe

. - 4 B A% RRAT
- - - a maces

L ]

aly
e N
et v aFR vawwn

HAS IPAILOM 1O -2 ASSY
MB 21040 -0 . N e —————
& FuACKS . com oo

comsem wes







IBSELOS -G
Bhvindrgr o1 J-w
——at IWMLLOA
[/  weSsERT-TR
L0 - T

rRA0

-1% 4 PLACRS

ADNABY  WIT=
A08 079

NA%IIS2CO4 &
B8O M- & LD
-~ P_AsEY

—~ OF . uf TELAT KN - RAF
BEL TWS ZALIO

ZA LINE RET ALK LENTEE SF WOLE
TROAY § Tas FU T OF FuLLEY MUAT
| TN TN Wik . 00%

.

\—usmz'rv o8

w39340-0 @
AN B Ll
ANS IS L.

[ 3 W1
—a-

-\7 A% &AL
QTALw wwa-s
o P &

e~y
Yy |

L ASSEMBLY 75 /A0 7/&
FOL DES/GA) ~ LSk Pt S 33~

: e
A eus ADCWN A
Blwes OCN oo, |cigcs

v

b AAAAAARAAA AL IR

o | nWET-T scmew - -
3 | -87 CLAME R bl
808 COPPER wilL] Caiw wimi
FARKER SEAL L&
o Rine ConVERL GITY, CaLw
O TN 5 S M|
[acmwore || -oeAT e SewEw iﬁlj’tn%‘&; >
A vecane| [OG R e e eau
& [povu-4a0]| oML :::-. Jm
e ea | Beamua SaRDON CoRS
19 | Svecoa-u [ Zoa S
A WAE 08| Lot w LT
[ LOCK NUT
a | campmuN
6 preIe0-0k| NnuT
8 juaz277.0n{car screw
| ,,3_"“";. ar somTw
o [2A82Y [cam ncmww
® | mecocen | wasian
v ANBARCIO] NOT
Ll ANSIR-4] BO"FITTMRE
| | an@2ae [rov
v | AnS@. [RTtue -
) TYY  LocnwaemER
. 5T Lo xwasgu
& jute-oi | OCUwASgR
1] -e% Rivedh - W WE :,‘i fomgatld
(] - SAEAVE Fuey  [FRD ol “fz
B PP EW "ﬁ:w‘
i f-2T [ Vg D) SRS
1 |- S - S Bcat] S m [T AU
HED BRALLLT - LIS
11 ' - BRACKET - AN 0RO we [ 41 S
1§12 BEALKET -P Y Llopesni ST
Bl e A A o oo
4] FLEAVRE S MrT
ag | -rY WEULATION mttn R |2 THEY NATURAL Wea
v, -m ADAFTER. LMD 2% | aon
N T 7 297 ol | 5
[ 3l Cmra Ve ,"-‘f;:_;
- - S N | cets -
( -% LK SPRen Tarel sen
) SPPORT moawg VTS L&,_.‘L
K NONT s BED 2% | oL Y
- 9 | e s ] aftia | wal IRC__ AN

ALY T

ROCKET RESEARCH CORPORATION. Searie, Wash

[roe ¢, wnmven == P
___Eﬁx;ﬂ&? : uST STAND
tove C _._| H‘S E LBF

3% T YORASINE BEACTCR |
W————T
“.—ﬁ’;;‘ NI e

-35-f FIGURE 11






—.sm
aors

A
/ |N
N
Y%
N
N
| AN

D X MACES

al
i |
/ L” |
plrz 4 ABOD T
rve daf 6
O Aem
H .
5 |
ot 4§ Stk

i&’.@’i
AT IS el e t g e
AETET Oud TR

-7 DE7TA/L

srete vwa (-8 ~!

- SAMCN IV

e ee e

LT/

§
!
|

e
.':....
1

I

1

T
i

i
v —

Seacs 78,

/4 fuld.
Jeace &

¢l

yem.
T™iCnn

T v

87.c-

Preceding page blank  :






-

(7R

ol ¥

pAT WTR
jragosev §

25 o ruiee
3% "o 18T Lue

L o
30 00" 9 o0

~ SR T
ne

o e eeid

F.:Ws
.

¥ o mack3,

& rmets.

Frasasq e

h

P L

Ol TREY J MACES

}
Fa e rwac / L ol

s Rl L 4
i d

- —

238 70
N
A 5

AR S SEAT- T8 &
A-3- PR R - UD Mo FLRL

A

)

240 12083

Ta]
I

J % -
J "’flw!

™

& RackI
X
b A AL APE -3 TREZ.
BEW B DML SO IND, - I
MAE TAP DREL ST
CUTTMNG OX O SMPR sdidad T B2 x4
COBL, DB MOV BWE sl ] AOAD. » macan

Oua WOy ¥ mACES

..:..1
U

=L QLT

FIGURE 11






B I TE Gt Iy N R

~LO%0C W
LOO%
oA -1
1. O DA \
Y
A b DO I | ALY
P —— .-.:\ v

-3 DETAN,

scack ¥y

—_——300 DA B6&

-1
/—'—9- L O TR

O kS EQuaLLY &

& a .00 0ia

—_——TO0 DA

/-—-aoc oA BRC

WD 2 el - LB Tl W
M- 5 TTAL | (o MOLES

; KPaLLY SBALED

CBHKI120% .08 B

BOTe HIOES

B0 9 8.0 DM

4 |

_' Plrecedingvpage blank 37






- | am——
ezt ADC N i M
szx DCN

]Lg

LSOO Dia BRL

_—esou 3

1 NER
-3
R e inaad

oLogmR
173
o ~OulS% ESUALLY SMLED

—_— .70 Ok
SOLOCLAED aRwA
~38 DETAlL.
ALK ¥,
T 20 ST T 230
’ 500 — T
l—— — B8O — |
“ne TH
o PLACES
LY DGO RMAL
AT Y
e Y =) - CES P PLALELS
° DA TmEY
/—.lcc Oih B \, ¥T 1Puacas - 188
NO- T BerC - TH T BER
- TTAL | o HOLES
CP ALY SPALED
LB ITO= .OWO DA
BT SIOLS

Iy T TR
(Po 2a.000m

i -,

| : Fopor e
'.I,‘
30 | - - b
. . !
ro— o

Ive I

8

N
—

.00 -

e h TR NLY

- A
-2l,-2Z27 DETAIL
S ZICETAIL EmOwN

L CETAL OPRPAGITL
Toant T

(D562 (5] ez
P ke
*~ 2

& T T
1

- 39-@ FIGURE 11






N

p———— B0 P

N

K—l Swimt TO ADAIST 8- Fepasery

AL, 74
MRpcOr b 4EMY B0
A 02263 )

T

LEZ M =D ADTUST LEAGTH
TO AOTUST -8 - APARERL »

wous e
cay ACAD. Au3C /A
- ,/— BAIPGOCIOC ¢+ & EACr
§ AMS 022 C3
’_ 4
4 S
AVKCI2A -
AUROCKArl, AR ¢
MEIETS - U
N
¢
4
t = ABI3-GC
awas-é<
cow AROD -4 TETY-33
b 08 AN/ SowCl-t
9 2 4" TUBE £1YTMG EMD LS |
J j §
/ g
§
24263-29 N
AT AR MUST B6 a1 e Wik D
DACER Skl CALBOATION (OAD
b\ ACCUEATE AL/CMMEL.
\E & THE CALIBRETICN
¢ AVMOCAL | CACH QD
Y an3 02283
N

EenaaPL 55 L

v
¥
§ X : A IS
2423/ A=) misy 8¢ meo wegricac wrwm c30 § werssrg-m L 2 aaces
\ ASHDE DL ,'
by N AOUIST S e T
Q \,\ AOMLLEC /8P DE ol ig -
3E€ ST 2 o8 ﬁﬂ h
SUCCESTED Wi : AN
COUCIGURATI N AN
N
%/ T A
—— 1 |
s o) —
g B
/ = o -0 J| 9
1
4 I
/ {
|
b ;
—____ - ———t— - Spnp . - —
g [
!
{
4 ~ 3 +

‘Precéd.iﬂg‘pagé hiank |






WVISION P
[ § ama I - | e
eonser
POL 77
ARCOCAOL § 3 Each 800
A 022C3
MATEN DL TP D TR DD, E DT -
2748 S AR TO BBRE = - LG 1 ITH D
ranev
: - r“/ TP SUPEACE O Lok B REXIEE RA
z anx
02203 T 7
"!:[7 =y ’
/ r i)
AIC /A
AVRGOC/OC b & LA Q20 —
AMI 0223 TR - v T T AT S
& & o 2] G oo
i Y-} oc] AT
S WCLOE FO8 €4 787755
D g V_J 1l ! g e iee e Ao ‘
£
g 22681 e N_ o oG .
27 242629 ADNST LENCTH o w AP 5
. & LOCKLBE AEL MEIZISEO = s roae
L ARSQZEAS | i
AT STATE ” o C
\_l/| 7 d
- - 7 e s ccar e
@ MIRS (-9 THE TP OPTIONMK.) pOITIP AL
8
- R ~r) Py -
a = lamooe s
AUICE G / RIS T
E@ g AVPEOCIOC 3 - LAk L6300 / leutas<clevmons
[ 1] AMM31022¢3 ’ ARBAI~EL | AT ‘_
] ey P i
& AL 2 | SCBEW
7 A4
’ lasmscrza aar -
ACCUERTE ALSBNMELT OF THE LADEELL-AZENLEE GX/AS
& THE CUIBLATION-THELS] AN/S /S ESSEAT/AL nd M4 | Ao s
% lewscrra | sacr
~ lew3con [sacr )
z wscoa |Bsocr
—— 242759
v aces 0 22753 |so0ckEr
NSISIIB-& | 2 ARCES ’ B¢ 27 - |oxaaoroy wad
ASIOEIOL —
\ AOIUST WBE LEAGCTHE T AINTAN L 2 270 (4TS 4357
N\ AIIRALLEC AT OF LRD Ul ~ TAES TR ABAIIIGY ATES 4 (V2o W BOecLET
. ’ 3269 29 R &k 455 _
’ (2Tl P | TLBURELLE
/ |3e 25 » e RA77DOY _
/ |20 255 -7 lumce A ormpe
’ lawzsc-3| 8%
’ [aersa-/ e
A / [2ez3, |57 £/r N
/ MEZS | BT DML
O O = 7 -9 Rened a5y . _
’ \ao-3- % 31
_ AOD LA BAL ser w33
o /| SAKEL | cees 303 kowd A
wd B N v-v-_ MANCLA R OB JV—— o rem | 2 | ane. ,:
\ UST OF ma!
3 ROCKET [ non
AT WASINGTON
e - - 53— ; =
- pO_NOY TEST MISTALLRA77eH) £
— FLENUEE GSS r-5¢
= b ] -~ l‘f /
boorpaad o Y | A O | e At AR = ]
SosCra 7??3?4; N562[3| 24255
+ =, 7737 o= 73 el X 7 T il 4
2 [ 3

FIGURE 12






ANBIBOOAMI2
ANICOPTAL
(OO FM -4 40

a PLACES

FragSe-~7
X /
;@D _—-— = = = = = - FROMWM THIS PLATE
i \ TOTAL WEIBHY ——— — '
p=>/

2agne-t
oML PROD.
SN0 - PO

IO“- \ 2arse-%
INRTALL FLELXURE
A BHOWN
<! VEMBER TO
WITH N B

-9 ASSY

wcALR: V|

[

Pfecedlﬂgpaie blank 42






"7

.

ANBEODDIOR 1E
ANSSOPD O
NARIOER-S
s ACES
. i 17
242896~

\— 2423 L~S

Iy

T WARMEE WEIGHTE
LE STECL AC O'4A BaAR
WEISHY =100 LBS

e

[

]

f . O Tumy
50 DA PE THK BLATE °

SUGGESTED WRIGWT
CALIBRATION

COML PO
#0100 - SO0

BRAZE O~ willk &ND

A

- "
(1O DA mEr)

-1 DETAIL
SCam 1 Yy

242386-3 =

Bl BTOCK
(.OIB Twuxk RE™)

Z24Z226-7 WP

BERORE CLAMBING FLEXURE

N LACE , FLEXUME BHOULD

SR FAEE (UNRESTRAINGOD) .
CENTAR FLEXUMRE wiTw .08
Buiv LTOCK , DSPLACE AXiALLY
UNTIL BMIM STOCK DROPY 1w
SOT OF FLEXURE , TW WLl
NRURE PEW  AXiAL LOCATION
THaHTHEN =10 SCRUWS ™iegT

VviEW A -A
woaLy v T4

A F-EFs |

FIGURE 12






Instrumentation used for measuremenr of the indicated engine performance

parameter is summarized below:

a. Turbine flowmeters (two (2) in-series meters) manufactured by Cox
Instrument Division, Lynch Corporation, were used for engine flow rate

measurement, The following model numbers were used:

1. 0.5 |bf Engine - Model No. LF4-00
2. 5.0 Ibf Engine - Model No. LF6-3
3. 50 Ibf Engine - Model No. AN8-4

b. Alinco pressure transducers manufactured by M. B. Electronics are
used for chamber pressure and tank pressure measurement, The following

ranges and model numbers were used:

1. 0 - 200 psia - Model No. 151-BAA-1
2. 0 - 500 psia - Model No. 151-BAA-1
3. 0 - 1500 psia - Model No. 151-AAA-1

¢. Load cells manufactured by Schaevitz-Bytrex Corporation are used for

measurement of engine thrust. The following load cells were used:

1. 0.5 1bf Engine - Model No., A-61441-1
2. 5.0 Ibf Engine - Model No., A-6144-4
~ 3. 50 Ibf Engine - Model No. A-61441-8

d. Catalyst bed temperature is measured using chromel-alumel thermocouples
of 0,040 inches wire diameter with ungrounded tips. The same thermo-

couple is also used for propellant temperature measurement .

Three dcta recovery systems are utilized for recording of the data from the-
engine tests. All pressures, thrust, flow rate, and valve sequencing are recorded
on a 36 channel Honeywell Model 1612 oscillograph. All pressure, thrust, and

7 fémperature measurements are recorded on Moseley strip charts. Additionally,
pressure dnd temperature measurements are recorded and printed out on a Dymec

Model 2010A digital system. The data recording system is shown in Figure 13,

- 5.4 Test Procedures

Prior to engine hot firings each injector was water flow calibrated to deter-

- mine its pressure drop-flowrate characteristics. Additionally, random orifices
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were individuall, sampled to assure that no gross maldistribution of flow existed
from individual orifices. In no case did the flow out of any orifice deviate more

than 5% from the average.

The catalyst bed was packed in a random dense manner (see Volume I,
Section 5.0) in the chamber for all tests. The weight of catalyst packed was
accurately measured and compared with the predicted values based on previous

catalyst bed packing studies. If gross differences existed, the bed was repacked.

Each test was conducted under ambient temperature and pressure conditions.

All tests represented steady state runs of 30 to 40 seconds duration.

For each test conducted during the study of reactor design variables, a gas
sample of the decomposition products was obtained. Specifically, when the
catalyst bed and gas temperature reached steady state, a gas sample, taken imme-
diately downstream of the catalyst bed, was drawn into an evacuated Hoke gas
somple cylinder. The gas was then analyzed for the mole percent of ammonia,

nitrogen and hydrogen by use of a gas chromatograph .
The hydrazine decomposition can be expressed as:

3N H4——>4(l - X) NH3 + (2X+I)N2 + 6XH

2 2

Three mole ratios, i.e., ratio of ammonia to hydrogen, ammonia to nitrogen, and
nitrogen to hydrogen may be related to fractional ammonia dissociation, X, on the
basis of the above equation; this permits calculation of fractional ammonia disso-
ciation from gas sample analysis data, Ammonia dissociation is reported as the
average of that determined from the ammonia to hydrogen and ammonia to nitrogen
mole ratios. The deviation between these two calculated values was, in most cases,

less than 2%.

Periodically a sample of the catalyst was removed from the reactor and
measurements were made of the carrier and active metal surfaces areas to determine
changes with use. Carrier surface area was measured by nitrogen adsorption tech-

niques and active metal surface area was measured by hydrogen chemisorption .

All granular and cylindrical pellet size catalyst used in the injector opti=-
mization testing was manufactured from the Harshaw Alumina Carrier. For the
catalyst bed design parameter studies the granular catalyst was manufactured from

the Reynolds Alumina Carrier,
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6.0

INJECTOR OPTIMIZATION TEST RESULTS

6.1 Data Reduction Techniques

Data reduction for the injector optimization tests consisted of determination
of engine ignition delay time, chamber pressure rise time to 80% of steady state
value, chamber pressure decay time to 10% of steady state value, chamber pressure
roughness, characteristic velocity, specific impulse, and thrust coefficient. In
addition, catalyst bed, injector head, and propellant temperatures were measured
during each test. The techniques used in the data reduction are explained in the

ensuing paragraphs,

Ignition delay is defined as the time from entry of propellant into the chamber
until the chamber pressure downstream of the catalyst bed attains 1% of its steady
state value. On engine start, the feed pressure (measured just upstream of the pro-
pellant valve) drops off momentarily as the ullage volume between the valve and
injector is filled. The point at which this pressure begins to rise after dropping off
is defined as the time when propellant begins to enter into the chamber. Ignition
delay is then the time increment between the beginning of feed pressure rise and
downstream chamber pressure rise. This parameter is obtained from the oscillograph

record,

Chamber pressure rise time is defined as the time from propellant entry into
the chamber to achievement of 80% steady state chamber pressure. The 80% value
is taken as a percentage of the steady state chamber pressure downstream of the
catalyst bed expressed in absolute units, Rise time to 80% of steady state chamber
pressure was selected in lieu of 90% because it appeared to be a more consistent
parameter. During the engine testing rise times to 90% chamber pressure averaged
2.7 times those to 80%. Chamber pressure decay time is defined as the time from
downstream chamber pressure start decay to 10% of the steady state value measured

in psig units.

Chamber pressure roughness is defined as the peak-to-peak variations in the
chamber pressure downstream of the catalyst bed. The data is taken off the

oscillograph at a run time between 20 and 30 seconds unless otherwise noted.
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Characteristic velocity is calculated from the equation:

P A
ot = ed "t 8
w
Where:

c* =  Characteristic velocity, ft/sec

Af = Engine throat areq, in?
g =  Gravitational constant, 32.17 fr/sec.2

w =  Propellant flow rate, Ibm/sec

Pdg = Chamber pressure downstream of the catalyst bed, psia.

The engine throat area used in the calculations represents the average
geometric area with corrections made for the thermal expansion and nonuniform
flow conditions in the throat region caused by nozzle wall effects. The correc-
tion for thermal expansion was made assuming the throat diameter expands freely
based on the metal temperature at the throat. The correction for nonuniform flow
at the throat is treated by Rao (Reference 1) and results in a decrease in the
geometric area of 0,75%, The flow rate used in the equation is an average of

two flowmeters in series in the propellant supply line.

Engine specific impulse is calculated from the equation:

F
} = M
Sp w
Where:
Isp =  Engine specific impulse, Ibf-sec/lbm
Fm =  Measured thrust, Ibf
w =  Propellant flow rate, Ibm/sec

The propellant flow rate used in the above equation is again an average of

two flowmeters in series,

The engine thrust coefficient is calculated from the equation:
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Cf =  Engine thrust coefficient

Fm = Measured thrust, Ibf

Pcd =  Chamber pressure downstream of the catalyst bed, psia
A = Enéine throat area, in

Again, the same corrections are applied to the throat area as discussed under

the characteristic velocity calculations.

Characteristic velocity, specific impulse, and the thrust coefficient are all
calculated from average values of measurements taken from 29 to 30 seconds into the

test,

As a first step in determination of the effect of injector variables on cold bed
response times, ignition delay, chamber pressure decay time, and chamber pressure
roughness scatter diagrams of the data were plotted (Reference 2). In the scatter
diagram each separate factor is plotted without considering any other factor. The
scatter diagram points out significant trends without lengthy correlation analysis,
Subsequently, statistical tests were made of the data for determination of levels of
significance in trends noted from the scatter diagram. If a complete test matrix
was completed, a factorial analysis of variance was performed on the data to
determine levels of significance and to determine interactions which may exist
between the injector variables (Reference 2). When a complete test matrix was
not completed, "F" tests were conducted to determine levels of significance

(Reference 2).
6.2 Test Results
6.2.1 0.5 Ibf Showerhead Injector

Testing of the 0.5 Ibf showerhead injector engine is summarized in
Table IV. Tests were conducted at pressure drops of 15, 45, and 75 psid
with the injector flush with the catolyst bed and at 15 and 45 psid with the
injector 0.2 inches from the bed. For all of these tests, 20-25 mesh granular
catalyst was used in the catalyst bed. The test results are plotted in a scatter

diagram in Figure 14 and are described in the ensuing paragraphs .
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Exomination of the scatter diagram in Figure 14 indicates that
the cold bed response times increase as the injector pressure drop is in-
creased. The average response time (average of data at each pressure
drop) is plotted versus injector pressure drop in Figure 15. It is also noted
from the scatter diagram that ignition delay increases as the injector pressure
drop is increased. A plot of average ignition delay versus injector pressure
drop is shown in Figure 16, Chamber pressure roughness declines as injector
pressure drop is increased. This trend is shown in Figure 17. Chamber

pressure decay time does not appear to be affected by injector pressure drop.

Significant changes in reactor operation were noted when the in-
jector was moved 0.2 inches from the top of the catalyst bed. Cold bed
response, ignition delay, and chamber pressure decay times increased markedly
as is seen from the data in Table IV, At 15 psid pressure drop fairly smooth
(+ 3.6% peak-to-peak chamber oscillations) operation was obtained. However,
at 45 psid injector pressure drop, chamber pressure oscillations were large.
Because of these large oscillations in chamber pressure no tests were conducted

at 75 psid injector drop.

No observable change in performance was noted as the injector
parameters were varied. Characteristic velocity averaged 4,164 feet per
second, specific impulse averaged 149.7 |bf-sec/Ibm, and the thrust coef-

ficient averaged 1.157,

6.2.2 0.5 bf Engine Rigimesh Injector

Testing of the 0.5 Ibf rigimesh injector engine is summarized in
Table V. Tests were conducted at pressure drops of 15, 45, and 75 psid with
the injector flush with the catalyst bed and at 75 psid with the injector away
from the catalyst bed. Data obtained from the testing is plotted in the scatter
diagram in Figure 18. The results of this testing are described in the following

paragraphs.

Examination of the scatter diagram indicates an increase in cold
bed response time with pressure drop. The average response time is plotted
in Figure 19, versus injector pressure drop. The scatter diagram in Figure 18

indicates ignition delay times are lower at 15 psid injector pressure drop
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0.5 Ibf ENGINE SHOWERHEAD INJECTOR
AVERAGE CHAMBER PRESSURE ROUGHNESS

VS INJECTOR PRESSURE DROP
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(average value 6 ms) than at 45 or 75 psid pressure drop (average value 12 ms).
The scatter diagram also shows a decrease in chamber pressure decay time as
injector pressure drop is increased. Very high chamber pressure oscillations
were obtained with the 15 psid injector (+ 20% peak -to-peak) while smooth
operation (+ 2.7 to + 2.80%) was obtained at 45 psid and 75 psid.

Testing of the injector away from the catalyst bed produced very erratic
operation and long response and tailoff times. Additionally, chamber pressure
excursions of + 27% peak-to-peak occurred. This erratic operation may well
be the result of the poor spray pattern out of the injector. The spray pattern
was not axial and impingement of propellant on the chamber walls probably

occurred giving rise to the erratic operation.

Characteristic velocity for the tests averaged 4,179 feet per second,
specific impulse averaged 152.7 Ibf-sec/Ibm, and the thrust coefficient
averaged 1.174,

In comparing the rigimesh injector test results with the showerhead

injector, the following conclusion can be made:
a. Cold bed response times are very similar

b. Variations in ignition delay with pressure drop are not as large

with the rigimesh injector as with the showerhead injector.

c. The showerhead injector runs smoother than the rigimesh injector
at all injector pressure drops, although at 45 psid the results are
very similar.

d. Decay times are higher with a rigimesh injector design than the

showerhead.

6.2.3 5 Ibf Engine Showerhead Injector

Testing on the 5 |bf engine with the showerhead injector was in
accordance with the test matrix shown in Figure 1. The first test on the 5 Ibf
engine used a cafalyst bed cromposed of 10-12 mesh granular particles. During
the test, cyclic oscillations occurred in the chamber pressure of 20 to 50 psia
at a frequency of 13 to 18 cps. Several variables were tested which could

possibly have led to the instability noted. These variables included:

-6l -



a. onstaole orifice characteristics

b. Injector manifolding which could lead to (a) above
c. Feed system coupling

d. Channeling of flow in the catalyst bed

e. Hydrazine boiling in the injector manifold

f.  Nonstable flame front in the catalyst bed

g. Bed loading

h. Catalyst particle size and/or porosity.

Testing covering the above variables resulted in elimination of the
first five items as the cause of the instability. The instability was found to be
due to a nonstable flame front in the catalyst bed. The flame front was stabilized
by use of fine mesh catalyst on top of the catalyst bed. The fine mesh catalyst
has a higher specific surface area and apparently stabilized the flame front near
the top of the catalyst bed. The testing conducted on determination of the

cause of the instability is described in the ensuing paragraphs.

During water flow calibrations of the showerhead injectors, it was
noted that fully established turbulent streams were not being achieved and that
stream breakup and oscillatory flow was occurring. Also, at certain pressure
drops, approximately + 5°, angular movement of the stream occurred. It was
concluded that a possible "hydraulic flip" phenomena was taking place in the
orifices. This phenomena was alleviated by increasing the orifice length to
diameter ratio from 2.5 to 8.5, contouring the orifice entrance and decreasing
the velocity in the line feeding the manifold from 15 to 4 feet per second.

All three of the aforementioned changes were accomplished individually and
changes were noted in stream properties with each change in the injector or
manifold configuration. However, none of the changes had any significant

effect on the operating characteristics of the engine.

Changing the number of orifices from 1 to 9, and therefore propellant
mass distribution in the bed, did not affect the operation of the engine. Changing

the injector pressure drop did not appear to result in any changes in engine
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operation except for one test with a 75 psid injector which did run smoothly.

However, this test could not be subsequently duplicated.

Three additional thermocouples were added in the catalyst bed to
define the location of the flame front. For the majority of the tests, their

locations were as follows:
TB] - 0.5 inches from top of bed

TBZ - 0.88 inches from top of bed

TB3 - 1.35 inches from top of bed

TB4 At the outlet of the bed.

On almost all tests instrumented in this fashion, the temperature
reached steady state values within two to three seconds and was very stable
with the upper bed temperature reading the highest value. For most of the
tests, the thermocouples were located radially in the center of the bed. When
the thermocouples were placed near the chamber wall (approximately 0.1 inches
from the wall), the temperature measurements were not markedly different from
the middle of the bed location, and based on this data, channeling of the flow

down the chamber wall was eliminated as a possible cause of the instability .

Analysis and testing of other variables including feed system vari-
ations, reduction of propellant manifold volume, changes in manifold velocity,
and changes in catalyst size from 10-12 mesh to 12-16 mesh did not produce

significant changes in engine operation,

When 0.3 inches of 20-25 mesh catalyst was placed at the top of the
catalyst bed, with the remainder of the bed 12-16 mesh catalyst, stable
engine operation was obtained. The conclusion was that there was a flame
front instability which w'osino't observable from the thermocouple measurements .
One would suspect that determination of a flame front instability from thermo-
couple measurements would be extremely hard to observe. The fine mesh
catalyst apparently supplies sufficient additional catalyst external surface
area to stabilize the flame front on ignition. The 0.3 inches of 20-25 mesh
catalyst with the remainder of the catalyst bed composed of 12-16 mesh
particles, was the bed configuration utilized for all injector optimization

testing.
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Subsequent to the instability testing, data was received from Shell
Development Company which raised a question concerning the cause of the
instability, Catalyst for the program was procured in mesh sizes ranging
from 6 to 40. The catalyst in the 10 to 40 mesh size was manufactured at
one time in a single lot. The average metal content of the lot was 32.8
percent which was within the specification limits of 32 to 34 percent.
However, when the 10 to 40 mesh catalyst was screened into mesh sizes of
10 to 20, 20 to 30, and 30 to 40, the following metal contents were obtained
by analysis of the catalyst:

' 10-20 mesh 25.6%
20-30 mesh 33.6%
30-40 mesh 42.0%

Plotting the above data and extrapolating to 10 to 12 and 12 to 16
mesh catalyst, which was used in the instability tests, gives metal contents
of 22 and 25 percent respectively. It was thought that perhaps the reduced
metal content led to a reduction in catalyst activity and was the cause of the
instability . Subsequent testing on the 50 Ibf engine with other catalyst
proved this hypothesis to be wrong, since the same type of instability occurred.
It is obvious that manufacture of catalyst over a wide range of mesh sizes
should not be accomplished in a single lot of catalyst since the fine mesh
catalyst appears to absorb the active metals faster than the coarser mesh

catalyst.

The data obtained from the showerhead injector testing is summarized
in Table VI. Scatter diagrams for the reactor variables of ignition delay, cold
bed response time, chamber pressure roughness, and chamber pressure decay
times are plotted in Figures 20 through 23 as a function of the injector vari-
bles. A factorial analysis of variance was performed on the data presented
in each of the scatter diagrams. This allowed determination of which injector
variable(s) has an effect on the reactor variable in question and also determi-
nation of interactions which exist between the injector variables. The results

of these analyses are discussed in the ensuing paragraphs.

The analysis of variance conducted for the cold bed response time

resulted in the following significant effects:

a. Cold bed response time is affected by injector pressure drop
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b. Cold bed response time is affected by the height from the
catalyst bed

c. Cold bed response time is affected by the number of orifices.

In Figure 24 cold bed response time data for all distances from the
catalyst bed has been averaged at each pressure drop and is plotted versus
injector pressure drop for the 3, 6, and 9 orifice injectors. An increase in
cold bed response time with Vpressbre drop is obvious from the curves.
Figure 25 is a plot of average cold bed response time (average of data at all
pressure drops) versus distance from the catalyst bed for the 3, 6, and 9
orifice injectors. It is seen that cold bed response times increase as the
injector is moved away from the catalyst bed. This effect is very small for
the 3 orifice injector but it is significant for the 6 and 9 orifice injectors.
Figure 26 is a cross plot of data in Figure 24 and depicts cold bed response
time versus number of injector orifices for pressure drops of 20, 45, and 70
psid. It is seen that a minimum in cold bed response times exists with the
6 orifice injector at a pressure drop of 20 psid. At 45 and 70 psid pressure
drop, the 6 and 9 orifice injectors have essentially the same response times

which are both lower than the 3 orifice injector.

The analysis of variance conducted on the ignition delay data
presented in the scatter diagram in Figure 22 resulted in the following

observations:
a. lgnition delay is offected by the number of injector orifices.
b. Ignition delay is not affected by injector pressure drop.

c. lIgnition delay is affected by the distance of the injector

from the catalyst bed.

d. An interaction exists between the injector pressure drop and

the injector distance from the catalyst bed.

e. An interaction exists between the number of orifices and

distance from the catalyst bed.

. An interaction exists between the number of orifices, injector

pressure drop, and injector distance from the catalyst bed.

-71 -
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5 Ibf ENGINE SHOWERHEAD INJECTOR AVERAGE COLD BED RESPONSE
‘TIME VS DISTANCE FROM CATALYST BED
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The interactions which exist between the injector variables make it
difficult to come to definite conclusions regarding the effect of the variables
on ignition delay. Figure 27 is a plot of average ignition delay versus the
number of orifices. A definite increase in ignition delay is noted as the
number of orifices is increased. The reason for this increase is not completely
understood, With the 6 orifice injector, ignition delay decreases as the
distance between the injector and the catalyst bed is increased. With the 3
and 9 orifice injectors ignition delay increases with distance from the catalyst
bed. This information is presented in Figure 28, where ignition delay is
plotted versus the distance of the injector from the catalyst bed for the 3, 6,

and 9 orifice injectors.

The analysis of variance conducted on the chamber pressure decay
time data presented in the scatter diagram of Figure 21 resulted in the follow-

ing conclusions:

a. Chamber pressure decay time is not affected by injector pressure

drop.

b. Chamber pressure decay time is significantly affected by the
height from the catalyst bed.

c. The number of injector orifices has an effect on the decay times.

d. There is an interaction between the number of orifices and the

distance from the caotalyst bed.

In Figure 29 chamber pressure decay time is plotted versus the number
of injector orifices for distances of the injector from the catalyst of 0, 0.2,
and 0.4 inches. From this figure it is seen that the decay times increase with
number of orifices with the injector flush and 0.4 inches from the catalyst bed.
With the iniecfdr 0.2 inches from the bed the decc); time is @ maximum with
the 6 orifice injector. The increase in decay time noted is probably due to
the test configuration employed. As the number of orifices was increased,
the propellant manifold diameter was increased to provide flow to the orifices.
The manifold diameter was held only slightly larger than the orifice pattern
diameter so that no areas of stagnant flow would exist in the manifold. Calcu-

lations indicate that the increase in holdup propellant volume as the number of
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orifices is increased is probably sufficient to account for the increase in
tailoff noted. Thus it would appear that if the holdup propellant volume
had been held constant, no change in decay time with number of orifices
would have occurred. The main effect on decay time is then the distance
from the catalyst bed wherein decay times are lower with a 0.2 inch void
between the injector and the catalyst bed than with the injector flush or
0.4 inches from the bed.

The analysis of variance conducted on the chamber pressure rough-
ness data shown in Figure 23 indicates that all injector variables have a
significant effect on the chcmbef pressure roughness and that interactions
exist between all variables. This makes any general conclusions about
chamber pressure roughness impossible. However, the following trends are

noted in the data:

a. With the injector flush with the catalyst bed, chamber pressure
roughness decreases slightly with increased injector pressure

drop for all orifice patterns,

b. With the injector 0.2 inches from the catalyst bed, roughness
decreases with increased pressure drop for the 3 orifice pattern,
is essentially constant for the 6 orifice pattern, and increases

with pressure drop for the 9 orifice pattern.

c. With the injector 0.4 inches from the catalyst bed the same

trends in (b) above appear.

d. Increasing the number of orifices from 3 to 6 lowers the
chamber pressure roughness. Virtually no difference exists

between the 6 ond 9 orifice injectors.

In a few of the tests, some pressure spikes of approximately 50 to
60% of steady state chamber pressure occurred. In general these spikes
would occur when the catalyst bed was freshly packed. Slight additional
packing of the bed, which occurs during operation appeared to eliminate
the spikes. These results indicate éctolyst bed porosity has a definite effect

on engine operation,

-79 -



No variation in engine performance was noted when the injector
pressure drop or number of orifices was varied. Slight increases in per-
formance (0.5%) were noted when the injector was moved away from the
bed, but it is not felt that this increase is significant, Characteristic
velocity averaged 4,164 feet per second, specific impulse averaged 156.5
Ibf-sec/Ibm, and the thrust coefficient averaged 1.209 for the 54 tests
tabulated in Table VI, ’

6.2.4 5 1bf Engine Rigimesh Injector

Testing of the rigimesh injector was conducted with 1, 3, and &
element injectors each at 15, 45, and 75 psid pressure drop. Tests of each
injector configuration were made with the injector flush with the catalyst
bed and the & element injector was tested 0.2 inches away from the catalyst
bed at 15 and 45 psid pressure drops. The test data obtained is summarized
in Table VII, Scatter diagrams of the data for the reactor variables cold
bed response time, ignition delay, chamber pressure decay time, and

chamber pressure roughness are plotted in Figures 30 through 33.

From the scatter diagram in Figure 30, it is seen that cold bed
response times increase with injector pressure drop, Figure 34 depicts cold
bed response time plotted versus injector pressure drop for the 1, 3, and 6
element injectors. It is noted that the response times for the single element
injector are significantly higher than those for the 3 and 6 element injectors.
When the 6 element injector was moved 0.2 inches from the catalyst bed the
start transient was very erratic and the response times increased by a factor
of approximately 3. The cold bed response times with the rigimesh injector

flush with the catalyst bed are similar to those with the showerhead injector.

The scatter diagram for ignition delay in Figure 31 indicates that )
ignition delay is affected by the number of orifices and injector distance
from the catalyst bed. It is seen that the single element injector has ignition
delay times all lower than the 3 and 6 element injectors. This same phenomena
was noted with the showerhead injector and is not fully understood. Moving
the injector away from the catalyst bed 0.2 inches produced marked increases

in the ignition delay time,
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The scatter diagram for chamber pressure decay time in Figure 32
indicates an incre~se in decay time with number of rigimesh elements. As
was explained with the showerhead injector this is thought to be due to in-
creased manifold propellant holdup as the number of elements increased.
When the injector was moved 0.2 inches from the catalyst bed, the decay

times increased by a factor of 3 to 5 as is seen from the dota in Table VII,

From the scatter diagram in Figure 33 it is seen that chamber
pressure roughness decreases as pressure drop is increased. In general, the
rigimesh injector gave higher chamber pressure roughness at all conditions
than did the showerhead injector. The engine ran fairly smooth with the
injector 0.2 inches from the catalyst bed, once the start transient was over.

During the start transient rough and erratic operation was obtained.

No change in engine performance was noted during the tests when
the injector parameters were varied. Characteristic velocity averaged
4,183 feet per second for the 18 tests, Specific impulse averaged 156.8
Ibf-sec/lbm and the thrust coefficient averaged 1.206. These performance

numbers are almost identical to those obtained with the showerhead injector,

6.2,5 50 Ibf Engine Showerhead Injector

The first test on the 50 Ibf engine was conducted with the shower-
head injector utilizing a catalyst bed composed entirely of 1/8 x 1/8 inch
cylindrical pellets. Chamber pressure oscillations of + 40 psia peak-to-
peak at a frequency of 10 cps occurred throughout the test. The instability
was similar to that noted on initial tests with the 5 Ibf engine. A series of
tests was conducted with various sizes and bed lengths of granular catalyst
at the top of the catalyst bed. This testing is summarized in Table VIII,
Stable start transient and steady state operation were achieved when 0.2
inches of 25-35 mesh catalyst was used on the top of the catalyst bed. The
remainder of the catalyst bed (2.48 inches) was composed of 1/8 x 1/8 inch
cylindrical pellets.

Tests conducted with the showerhead injector consisted of tests
with 20, 40, ond 60 orifice injectors at pressure drops of 15, 45, and 75

psid with each orifice pattern. Each pressure drop and each orifice pattern
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was tested with the injector flush with the top of the catalyst bed. The
60 hole pattern injector was tested at 15, 45, and 75 psid with the in-
jector 0,25 inches from the top of the catalyst bed. The test data obtained

from this testing is summarized in Table IX,

Scatter diagrams for the reactor variables of ignition delay, response
time, chamber pressure roughness, and chamber pressure decay time are plotted

in Figures 35 through 38 as a function of the injector variables.

- Examination of the scatter diagram in Figure 35 indicates an in-
crease in cold bed response time as the injector pressure drop is increased.
Cold bed response time is plotted versus injector pressure drop in Figure 39.
The scatter diagram also indicates that the response time with the 40 orifice
injector is lower than that with the 20 or 60 orifice injectors. Statistical
analysis was applied to this data to determine whether the differences were
significant, This analysis concluded that with a confidence level of 90% the
differences were significant. A confidence level of 95% gave a negative
result of significance, which probably is due to the small number of the
sample. Figure 40 is o cross plot of the data in Figure 39 and depicts average
cold bed response time versus the number of orifices. It is seen that a minimum
exists with the 40 orifice injector at each pressure drop studied. The data in
the scatter diagram indicates a possible decrease in response time when the
injector is moved 0,25 inches from the catalyst bed. Statistical analysis of

this data indicated no significant difference at the 90% confidence level .

No significant difference was noted in ignition delay, chamber
pressure roughness, or chamber pressure decay time as the injector parameters
were varied, Chamber pressure roughness decreased slightly with increased
pressure drop and when the injector was moved 0.2 inches from the catalyst
bed, but the differences are not significant. This is seen in Figures 41 and
42 where chamber pressure roughness is plotted as a function of injector

pressure drop .

There was no observable change in engine performance as the in-
jector parameters were varied, The average characteristic velocity for the
27 tests tabulated in Table IX is 4,237 feet per second, Specific impulse
averaged 158.1 Ibf-sec/lbm and the thrust coefficient averaged 1.201,
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50 Ibf ENGINE SHOWERHEAD INJECTOR COLD BED RESPONSE DATA VS

INJECTOR PRESSURE DROP
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50 |Ibf ENGINE SHOWERHEAD INJECTOR CHAMBER PRESSURE ROUGHNESS

VS INJECTOR PRESSURE DROP
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50 Ibf ENGINE 60 HOLE SHOWERHEAD INJECTOR CHAMBER PRESSURE
ROUGHNESS VS INJECTOR PRESSURE DROP
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Examination of the test data in Table IX indicates that test number
171-31-150 has appreciably longer rise and tailoff times than do tests
171-31-149 and 171-31-151 even though all three tests were with the same
injector. For test 171-31-150, a 10 x 10 mesh screen of 0.025 inches wire
diameter was placed on top of the 60 mesh screen used as the upper bed
support. The addition of the 10 mesh screen apparently supplied volume
where hydrazine could collect and resulted in the longer observed rise and

tailoff times.

6.2.6 50 Ibf Engine - Rigimesh Injector

Testing of the rigimesh injector was conducted with injectors having
7, 13, and 19 elements at 15, 45, and 75 psid nominal pressure drop with
each injector. Tests of each injector configuration were made with the in-
jector flush with the catalyst bed. The 13 element injector was also tested
at 0.25 inches from the catalyst bed at pressure drops of 15 and 75 psid. The
test data obtained is summarized in Table X. Scatter diagrams of the data for
cold bed response time, ignition delay, chamber pressure decay time, and

chamber pressure roughness are plotted in Figures 43 through 46.

Figure 47 presents a plot of average cold bed response time versus
injector pressure drop. An increase in response time with injector pressure
drop is noted. The response times with the rigimesh injector are similar to
or slightly better than those with the showerhead injector. The response
times with the rigimesh injector do not appear to be as dependent on the
pressure drop as those for the showerhead injector or the rigimesh injector
at the 0.5 and 5 Ibf thrust levels. The response times for all three hole
patterns are similar at the low pressure drops with the 19 element injector

_being superior as the pressure drop is increased.

The scatter diagram in Figure 44 indicates no change in ignition
delay with pressure drop. An increase in ignition delay does occur, how-
ever, as the number of injector elements is increased. Average values are
19.2, 24.3, and 27 .2 milliseconds with injector elements of 7, 13, and 19

respectively .
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Chamber pressure decay time does not appear affected by either the

number of orifices or the injector pressure drop.

At all conditions the engine does not run as smoothly with the rigi-
mesh injector as with the showerhead injector. This appears to be the major

difference between the injectors,

When-the injector was moved 0.25 inches from the catalyst bed
erratic start transients were obtained and the chamber pressure oscillations

were higher than with the injector flush with the catalyst bed.

Characteristic velocity averaged 4,211 feet per second for the tests
reported in Table X. Specific impulse averaged 157.5 Ibf-sec/lbm and the

thrust coefficient averaged 1.203.

6.3 Summary of Injector Optimization Testing

The injector testing reveals certain consistencies in the data obtained at all
three thrust levels. These trends and recommendations for injector design criteria

are described in the ensuing paragraphs.

It was found that cold bed response time increased as the injector pressure drop
was increased at all three thrust levels. This result appears to be caused by the higher
surge flow rates which exist at engine start for the low pressure drop injectors. Since
chamber pressure was held constant for all of the tests, as the injector pressure drop is
lowered, the flow resistance decreases resulting in higher transient flow rates. It
appears that in all cases the catalyst is capable of decomposing the propellant faster
than it is being supplied. The data obtained suggests that faster response times can
be obtained by increasing bed loading. It is noteworthy that the trend in cold bed
response was obtained at each thrust level although the nominal design bed loading
increased with thrust level . The effects of bed loading on response time will be more

fully investigated during later phases of the program.

The data obtained with the 5 and 50 Ibf engines with the showerhead injector
suggests that an optimum number of orifices exists which minimizes cold bed response
time. It is noted that minimum response times were obtained with the 5 and 50 Ibf
engines with & and 40 orifice injectors respectively. These numbers of orifices cor-

respond to 5.3 and 5.6 orifices per square inch of catalyst bed cross sectional area
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respectively . It would thus appear that the true minimum occurs with approximatel
P y PP PP y

6 orifices per square inch of catalyst bed area.

It was found that with the injector flush with the catalyst bed, smooth start-
transient and steady state operation could be obtained with low pressure drop in-
jectors. These results indicate that atomization of the propellant is not a necessary

design criteria as was the case for the nonspontaneous catalyst (keference 3).

At the 5 and 50 Ibf thrust levels it was found that large chamber pressure
oscillations existed when large size catalyst pellets were used throughout the catalyst
bed. These oscillations could be virtually eliminated through the use of a layer of
finer mesh catalyst at the top of the catalyst bed. The size and depth of catalyst re-
quired appears to be related to the bed loading and is not yet fully defined. These
effects will be studied in more detail in later phases of the program. A penalty is
incurred, however, through the use of the fine mesh catalyst and the resultant in-
crease in catalyst bed pressure drop; however, at no time in the testing did the pres-
sure drop become large enough to cause damage to the catalyst. It is noteworthy
that during testing on the 50 Ibf engine, pressure drops across the catalyst bed as
high as 35 psid were realized with no evidence of catalyst breakup or damage . It
thus appears that the spontaneous catalyst has a strength which is significantly
higher than the nonspontaneous catalyst, designated by JPL as H-A-3, which was
limited to pressure drops of 20 psid.

It was found that smooth operation could be obtained with the injector away
from the catalyst bed. There appears to be no advantage, however, to having the
injector away from the catalyst bed. Ignition delay and chamber pressure response
times were higher and the engines tended to run rougher at the 0.5 and 5 Ibf thrust
levels when the injector was away from the catalyst bed. At the 50 Ibf thrust level
very similar results were obtained with the injector located either flush or 0,25

inches from the catalyst bed,

The rigimesh injector is a workable injector concept and gives results similar

to the showerhead injector with the following exceptions:
a. Chamber pressure oscillations are higher

b. Chamber pressure decay times are higher :
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c. The rigimesh injector gives poor operation when it is not fl ush with
the catalyst bed. This is probably caused by nonaxial flow from the

injector and the impingement of this flow on the chamber walls.

One of the main advantages of the rigimesh injector is that it offers better
resistance to being plugged by catalyst fines which might be generated from a vibra-
tion environment than does the showerhead injector (Reference 4). This is especially
true if small orifices must be employed in the showerhead injector design. One of
the disadvantages of the rigimesh injector is the inability to reproducibly size the
injector for a given pressure drop. Prior to detail design of the rigimesh injector,
flow tests were conducted with a number of sizes of rigimesh to obtain flow rate per
unit cross sectional area. It was found that this data was not consistent with that
obtained when the injectors were manufactured. There are probably two problems
which lend to this lack of consistency. Rigimesh is made of sintered woven wire
sheet. Various pore openings are obtained by utilizing either various numbers of
layers of the sheet, of using different wire diameters, or by pressing the layers to
varying thicknesses. Variation in wire diameter for the same thickness of rigimesh
can produce marked changes in the flow rate per unit cross sectional area. Up to
50% variations have been quoted by the vendor. The rigimesh was machined by
clamping the material between two flat plates. Application of excessive pressure
from the clamping can result in decreasing the thickness of the rigimesh and thus
reductions in the pore size. If this material is to be used it must be ordered to
produce a given flow rate per unif cross sectional area and then pressed until the

desired value is obtained,

It is felt that the showerhead injector represents a superior injector concept
over the rigimesh injector for most applications. In most cases orifice diameters
can be kept relatively large through the use of low pressure drop injectors, Addi-
tionally, reactor operation is not critically dependent on the number of orifices so
that the number of orifices can be reduced over the indicated optimum without
significant degradation in reactor operation. Orifice sizes as small as 0.010
inches have been used on the program with no problems of orifice plugging during
engine tests. It should be noted, however, no vibration tests were conducted to
determine whether or not orifice plugging would occur from catalyst fines generated

by launch vehicle type vibration levels.

The following design criteria is recommended for the showerhead injector:
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Use approximately six orifices per square inch of catalyst bed cross
sectional area. If required, this can be reduced by a factor of at

least two without serious degradation in engine operation.

Utilize low pressure drop injectors. The pressure drop can be held

to 10 to 15% of the steady state chamber pressure .
Mount the injector flush with the top of the catalyst bed.

Propellant can be fed into the injector manifold through a single
supply tube. Propellant velocities in the supply tube as high as
50 to 75% of the injector stream velocities were utilized in the

study with no adverse effect on propellant distribution and/or

reactor operation.

Velocities in the propellant distribution manifold as high as 20 to
30% of the injector stream velocities were utilized in the study

without having maldistribution of flow to the injector orifices.

No evidence was found to indicate high L/D orifices and turbulent
stream characteristics are necessary design criteria. It appears that
orifice lengths are dictated by the required injector plate thickness

needed to meet structural requirements.
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7.0 CATALYST BED DESIGN PARAMETER STUDIES

Parametric tests were corducted to determine the effects of chamber pressure bed
loading, catalyst particle size and bed length on reactor operation. Data to be obtained

during these tests included:
a. lIgnition Delay Time
b. Cold Bed Response Time
c. Ammonia Dissociation
d. Coatalyst Bed Pressure Drop
e. Characteristic Velocity and Sea Level Specific Impulse
f. Chamber Pressure Roughness,

Identical tests were conducted at nominal thrust levels of 0.5, 5, and 50 Ibf. The
test data accumulated served as a basis for development of design and scaling criteria

defining reactor performance and operation.

7.1 Test Conditions Studied

The range of study was to cover chamber pressure from 50 to 1,000 psia, bed
loading over at least a 3:1 range, and catalyst bed lengths over at least a 3:1 range.
The test matrixes in Figures 48, 49, and 50 list the conditions tested with the 0.5,

5, and 50 Ibf engines. Chamber pressure was varied from 50 to 1,000 psia with
intermediate values of 105, 225, and 475 psia. Bed loading was varied in increments
of 0.01, 0,021, and 0.045 lbm/inz-sec. Catalyst bed lengths for the 5 Ibf engine
were 0.5, 1.0, 1.5, and 2.0 inches; for the 50 Ibf engine were 1.0, 2.0, and 3.0
inches; and for the 0.5 Ibf engine were 0.5, 1.25, and 2.0 inches.

Tests were conducted at each point in the matrixes shown except where the
estimated catalyst bed pressure drop exceeded 70 psid or where previous tests at a
longer bed length had resulted in unsatisfactory operation. Instrumentation utilized

for the tests is tabulated in Table XI,
7.2 Test Results
7.2.1 5 1bf Engine

Prior to initiating the bed loading chamber pressure, and bed length

tests, a series of tests was conducted to determine the required fine mesh
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cate. st on the op of the catalyst bed. Earlier tests (See Paragraph 6.2.3)
had indicated this was required to assure smooth steady state operation.
These tests were conducted with the 1.5 inch chamber at a bed loading of
0.045 lb/inz-sec and a chamber pressure of 225 psia. The results of this
testing are summarized in Table XIl. The catalyst bed configuration arrived
at was 0.3 inches of 25-30 mesh catalyst on the top of the bed, with the

remainder of the bed 14-16 mesh granular catalyst.

Data obtained from testing on the 5 Ibf engine is summarized in
Table XIll. The characteristic velocity data has been corrected for chamber
radiation heat losses and propellant temperature effects and is plotted against
fractional ammonia dissociation in Figure 51, Radiation heat loss corrections
were made assuming radiation to free space with a chamber emissivity of 0.9.
All test data was normalized to a propellant temperature of 70°F (Reference 5).
When these corrections are made to the data, the mean curve falls within

approximately 98.5% of the theoretical curve.

Sea level thrust coefficient data for expansion ratios of 1.0 and 2.2
is plotted versus chamber pressure in Figure 52. The theoretical curve has
been corrected for divergence losses assuming a 15° conical nozzle. From the
curve it is noted that the data at an expansion ratio of 1.0 falls on the theo-
retical curve while the data at an expansion ratio of 2.2 averages approximately

99% of the theoretical value.

7.2.2 50 |bf Engine

Prior to initiation of the bed loading, chamber pressure, and bed
length studies, tests were conducted with 20-25 and 25-30 mesh granules on
the top of the catalyst bed to determine the required fine mesh catalyst size
for smooth decomposition. Previous testing (see Paragraph 6.2.5) had shown
that larger size granules resulted in unsatisfactory operation. These tests were
conducted with the 3.0 inch length chamber at a bed loading of 0.045 Ib/m -sec
and a chamber pressure of 225 psia. Chamber pressure oscillations of + 3 to 9%
occurred during testing with 20-25 mesh granules on the top of the catalyst bed.
Testing with 25-30 mesh granules resulted in maximum chamber pressure oscilla-

tions of + 2%. A catalyst bed corfiguration was finalized which consisted of
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7.3

0.2 inches of 25-30 mesh catalyst on the top of the bed with the remainder of
the bed 1/8" x 1/8" cylindrical pellets.

Data obtained from testing on the 50 Ibf engine is summarized in
Table XIV. Corrected characteristic velocity (see Paragraph 7.2.1) is
plotted against ammonia dissociation in Figure 53. The mean curve falls

within approximately 99% of the theoretical curve.

Sea level thrust coefficient data is plotted versus chamber pressure
in Figure 54, The theoretical curve has been corrected for divergence losses
assuming a 15° conical nozzle. The test data averages approximately 98.5%

of the theoretical curve,

7.2.3 0.5 Ibf Engine

Because of the small size of the 0,5 Ibf engine, a layered bed tech-
nique was not utilized. Rather, the chamber was filled with a single size
catalyst throughout. Testing was conducted with both 16-20 mesh and 20-25
mesh size catalyst in the engine. The 16-20 mesh catalyst resulted in excessive
chamber pressure excursions while smooth operation was obtained with the 20-25
mesh catalyst. This size catalyst was subsequently used for all of the reactor

design parameter studies.

Data obtained from testing on the 0.5 Ibf engine is summarized in
Table XV . Corrected characteristic velocity is plotted against measured
ammonia dissociation in Figure 55, The mean curve falls within approximately

99% of the theoretical curve.

Sea level thrust coefficient data is plotted versus chamber pressure in
Figure 56. The theoretical curve (ford = 1.28) has been corrected for diver-
gence losses assuming a 15° half angle conical nozzle. The test data averages

approximately 99% of the theoretical value.

Summary of Test Data

Detailed, analysis, correlation, and development of design and scaling

criteria from the test data obtained is presented in Volume |l of the final report.

The following sections summarize the design ond scaling criteria developed as a

result of the test data obtained.
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7.3.1 Ammonia Dissociation

Analysis and correlation of the ammonia dissociation data indi-
cated that diffusion of the reactants and products to and from the catalyst
surface may be important in the amount of ammonia dissociation which
occurs in the reactor. In view of the apparent importance of diffusion
controlling dissociation of ammonia, a relation was developed relating
fractional ammonia dissociation to temperature, bed loading, chamber
pressure, residence time, and catalyst particle size for the limiting case
of zero ammonia concentration at the catalyst surface. That is, it is
assumed that chemical equilibrium is obtained if the ammonia reaches the

catalyst surface., This relation developed is given as:

X
dX ) m %7l
= Kd dp
(1 = X)(3 + X)(5 - 4X)(1650 - 780X> p
X
Where
X = Fractional ammonia dissociation
Kd = Experimental constant
dp = Catalyst particle diameter, ft.
m = Experimental constant
G = Superficial bed loading lbm/inz-sec
t = Résidence time, ms 7
P = Average chamber pressure, psia

Examination of the above equation indicates that for a given
particle size, the ammonia dissociation should be proportional to the
parameters Go'ﬂt/P. Ammonia dissociation data obtained from the 0.5,
5, and 50 Ibf engines is plotted against this group in Figure 57 to test its
usefulness as a correlation parameter, As can be seen a quite consistent

correlation is obtained at all three thrust levels,
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Additional correlation of the data was accomplished to develop
an expression which includes the effect of particle size on an ammonia

dissociation. The semi-empirical equation developed is given by:

1-X 0.71
n [— 20 ) = _153.24 032 Gt
1-X P P

Where previously undefined parameters are:
XO = Zero time intercept on plot of experimental data.

Ammonia dissociation data from all three thrust levels is plotted
and compared to the above equation in Figure 58. Although there is some
scatter in the data it does appear very useful for initial design purposes.

The 3 deviation of the data from that given by the above equation is 6%.

7.3.2 Catalyst Bed Length Requirements

During the program, tests were conducted to define the minimum
catalyst bed length requirements required for smooth and stable operation.
This data was correlated and an empirical expression developed to relate
catalyst bed length requirements to bed loading, chamber pressure, and

catalyst specific surface area. This relation is given as:

GO.554

p 0.306
c

L, = 0.2 + 145

B

A0.3
5

The bed length predicted by the above equation is compared with
that found experimentally in Figure 59. It should be noted that the use of

the above equation will result in an ammonia dissociation of 55 to 60%.

7.3.3  Catalyst Bed Pressure Drop

Experimental catalyst bed pressure drop data was compared to a
relation developed by Grant (Reference 3) in his work with the nonspon-
taneous catalyst and with the Ergun equation (Reference 13) to see if those
equations adequately predicted the measured catalyst bed pressure drop.

Data obtained is compared with that predicted by Grants equation in
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Figurc 80, As can be seen quite good correlation is obtained with all
test data. The Ergun equation was found not to fit the experimental data
throughout the full range of Reynolds number covered and is not recommended

for use.

7.3.4 Chamber Pressure Response Time

Chamber pressure rise time is defined herein as the time for chamber
pressure measured downstream of the catalyst bed to change from 1% of the
steady state value to some specified higher percentage of the steady state
pressure. An analytical model of the pressure rise time was déveloped by
assuming complete decomposition during the start transient and then empirically
modifying the model generated to account for kinetic effects (i.e., rate limi-
tations imposed by propellant atomization process and/or decomposition re-
action kinetics). The model was developed treating the pressure rise transient

as a two stage process.

Stage 1 is treated as an isothermal pressurization process in which
the accumulation of gas in the reactor void space is the predominant factor.
The system temperature is assumed to be constant at the initial catalyst
temperature during this relatively short portion of the pressure rise period.
During Stage 2, the catalyst bed heat up as it affects the temperature of

the gas entering the nozzle is considered to be the predominant factor. The

@

result of this analysis is:

Kcl M]V P

h ¢ cdoo dTl
W RT [0 g/ L
Y F-D+ (-1 Z z
o
3/2 1
by = K2 C. F-0) @-0)7_d7
c .
Cog Yoo (F-DTY? [F-Dﬂ - (F-D)772]

1
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Time for completion of Stage 1, sec

Time for completion of Stage 2, sec

Stage 1 empirical constant

Average molecular weight, Ibm/lb mole
Volume to be pressurized, in®

Steady state chamber pressure, psia
Steady state propellant flow rate, lbm/sec
Universal gas constant, in-lbf/Ib mole °R
Initial catalyst temperature, °R

Pf/Pcdaa (feed ratio)

' Pc\/Pcd (catalyst bed pressure drop ratio)

' Pcd/Pcdoo (fractional approach of downstream chamber

pressure to steady state)

Value of Pcd/Pcdco at end of ignition delay
Stage 2 empirical constant

Catalyst heat capacity Btu/°F

Gas specific heat, Btu/16°F

The value of 7?1 is given by:

)

77]="

From experim

—_—t Y
2F-D) T, F-D)T__/ (DT,

DT 2 47

(o0}

ental test data the emﬁirical constants in the above

equations were developed as:

4
K M = 3.69 X ]0
cl 1 Pd oo
Kc2 - 570
Cpg P



8.0 CATALYST DEGRADATION MEASUREMENTS

Catalyst changes as a function of accumulated engine burn time were correlated
by three means, Periodic weight measurements were made of the catalyst from which
catalyst loss rates could be calculated. Additionally, samples of catalyst were peri-
odically removed from the engine and measurements were made of the total catalyst
surface area and of the active metal surface area. Total catalyst surface area was
measured using nitrogen adsorption techniques while the active metal surface area was
measured by hydrogen chemisorption. For all surface area measurements, the catalyst
was reduced in a hydrogen atmosphere at 500°F for one hour prior to the measurement

being made.

Due to the nature of the program (i .e., investigation of many variables) it was
not possible to obtain quantitative measurements of catalyst loss rates. However, several

qualitative trends were noted which are discussed in the ensuing paragraphs.

Optimization tests were conducted with granular or pellet size catalyst all made
on a Harshaw alumina carrier. The granular catalyst wes made by breaking 1/8" x 1/8"
pellets into the desired mesh size. The loss rates for these granular pellets tended to be
higher by a factor of at least 10 than that for the 1/8" x 1/8" pellets. It is strongly
felt that this method of manufacturing results in a catalyst structurally inferior to the
1/8" x 1/8" pellets. Subsequent testing on the program employed granular catalyst
made on the Reynolds RA-1 alumina carrier. This carrier is made in granular pellets
and was found to have much lower loss rates (reduction by a factor of up to 10) than
that of the Harshaw granular discussed above. During later phases of the program a
granular catalyst which was prepared on the Reynolds alumina carrier and subsequently
surface hardened (Shell Development Company Proprietary Procedure) was tested. Further

reduction in loss rates were noted with this catalyst.

During the studies of the effect of bed loading upon reactor operation it was noted
that loss rates increased with increasing bed loading. Although no quantitative numbers

were obtained a definite correlation between loss rate and bed loading was noted.

As stated above, samples of the catalyst were periodically removed from the
engine and surface area measurements made. In most cases the catalyst was removed
from a point in the chamber just below the layer of fine mesh catalyst. Thermocouple
measurements had indicated that the flame front was near this point, and thus, the

surface area changes should be the greatest at this point of maximum temperature .
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Results of the hydrogen chemisorption and nitrogen absorption measurements
are summarized in Table XVI. A rather large drop-off in both carrier and metal
surface area is noted with run time. This drop-off appears to occur after a short
period of test time has been accumulated on the catalyst. After this drop-off the
carrier and metal surface areas appear to stabilize at approximately 70% and 50%
of their original values respectively. |t should be noted that the engine testing with
the catalyst summarized in Table XVI indicated essentially no change in reactor

operation despite the rather large surface area changes.
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9.0

100 Ibf ENGINE

9.1  Design

To test the validity of the design and scaling formulae at higher thrust levels
a 100 Ibf engine was designed and subjected to testing. The design criteria used was
as outlined in Volume |l of the subject report, Detailed analyses of the catalyst bed

design are outlined in Volume I, Appendix |.

The design of the 100 Ibf thrust engine is shown in Figure 61. Pertinent

reactor design parameters and estimated engine performance are summarized in

Table XVII,

The engine chamber is made of Haynes Alloy Number 25 to which is welded a
347 stainless steel nozzle of 4:1 expansion ratio. The showerhead injector, made of
347 stainless steel, is flanged to the chamber. Propellant is supplied to a distribution
manifold in the injector through a single supply tube. The upper part of the catalyst
bed contains 0.2 inches of 25-30 mesh granular catalyst contained in a 60 x 60 mesh
molybdenum screen basket, The remainder of the catalyst bed is 1/8" x 1/8" cylin-

drical pellets, A photograph of the engine assembly is shown in Figure 62.
9.2 Test Results

All tests with the 100 Ibf engine were conducted at ambient temperature and
pressure conditions. A total of six (6) steady state tests each of 30 seconds duration
were conducted. The test data from the engine is summarized in Table XVIII. A
gas sample of the decomposition products was taken during the last two tests and

analyzed using a gas chromatograph. This data is also summarized in Table XVIII.

Very smooth start transient and steady state operation was achieved in all tests.
Characteristic velocity average 4,240 ft/sec which is within 0.45 percent of the value
predicted for the engine. Sea level specific impulse and thrust coefficient corrected
to 193.5 psia chamber pressure averaged 166.80 and 1.265 respectively. Ammonia
dissociation, as determined by gas sample analysis was 62.5% which is within 2.5%
of the 60% predicted value.

In summary, the test results obtained with the 100 Ibf engine were virtually
identical with that predicted using the design and scaling formula developed at the
lower thrust levels. The validity of using the design and scaling formula at higher

thrust levels was therefore clearly established.
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TABLE XVII

100 Ibf ENGINE DESIGN PARAMETERS

Performance

Vacuum Thrust

Predicted Characteristic Velocity
Propellant Flow Rate 7
Downstream Chamber Pressure
Upstream Chamber Pressure

Bed Loading

Injector Pressure Drop

Nozzle Area Ratio

Predicted Ammonia Dissociation

Chamber Configuration

Catalyst Bed Diameter
Catalyst Bed Length
Catalyst Type

Chamber Material

Nozzle Throat Diameter

Injector Configuration

Injector Type
Number of Orifices

Orifice Diameter
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100 Ibf

4262 ft/sec
0.4255 Ibm/sec
200 psia

230 psia

0.045 Ib/in?-sec
25 psid

4:1

60%

3.470 in
2.0in
0.2 in 25-30 mesh

1.8in 1/8" x 1/8" pellets
Haynes Alloy No. 25

0.602 in

Showerhead
60
0.0176 in
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10.0 FLIGHTWEIGHT 5 Ibf ENGINE

10.1 Design

The design of the flightweight 5 Ibf engine was based on the results of the
engine design criteria developed under Task | of the study. As described in
Section 2.0, this engine was to be capable of pulse mode testing, throttling
tests over @ 10:1 thrust ratio, and tests with low freezing point propellant mix-
tures of hydrazine, hydrazinium nitrate and water. The design of the flight-
weight 5 |bf engine is shown in Figure 63. Pertinent reactor design parameters

and estimated performance are summarized in Table XIX.
Significant design features of the engine design shown in Figure 63 are:

a. Themal standoffs between the injector and the propellant valve to

provide themmal isolation between the chamber and the propellant valve.

b. Propellant distribution by radial flow passages to each orifice which
minimizes the propellant holdup and maintains adequate coolant

velocities in the injector.

c. AO0.3inch deep 60 x 60 mesh molybdenum wire basket holding 25-30
mesh granular catalyst, in the upper part of the catalyst bed. The re-
mainder of the catalyst bed is composed of 14-16 mesh granular catalyst,

d. The nczzle of 50:1 expansion ratio and chamber are machined out of

347 stainless steel barstock .

e. The engine is designed such that the injector can be flanged to the
chamber and checkout firings conducted. A final meltdown weld of
the chamber to injector is then performed following reactor accept-

ance tests,

f. Differential thermal expansion between the thermal standoffs and the
propellant feed tube is accommodated by the double "O"-ring seal on

the piopellant feed tube.

g. The engine is mounted at the propellant valve thus minimizing heat in-
put to mounting structure for possible flight epplications and providing
a propellant valve heat sink for maintenance of low valve seat tempera-

tures under pulse mode, heat soak operating conditions.
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TABLE XIX

5 Ibf FLIGHTWEIGHT ENGINE DESIGN

Performance

Vacuum Thrust

Vacuum Specific Impulse
Vacuum Thrust Coefficient
Characteristic Velocity
Propellant Flow Rate
Downstream Chamber Pressure
Upstream Chamber Pressure
Nozzle Area Ratio

Bed Loading

Injector Pressure Drop
Exhaust Gas Stagnation Temperature

Chamber Operating Temperature

Chamber Configﬂ'ation

Cotalyst Bed Diameter
Catalyst Bed Length
Catalyst Type

Chamber Material
Chamber Sofety Factor

Engine Weight Breakdown

Chamber and Nozzle
Injector

Thermal Standoffs
Valve Mounting Bracket
Catalyst

Total Engine Weight (less propellant valve)
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5.0 Ibf

221 .4 Ibf-sec/Ibm
1.704

4180 ft/sec
0.0227 Ib/sec
200 psia

206 psia

50:1

015 Ib/in2-sec
25 psid

1580°F

1600°F

1.388 in.
1.04 in.

0.3 inches 25-30
0.74 inches 14-16

347 Stainless Steel
1.5:1 ot 300 psi

0.26 Ibm
0.12 lbm
0.02 Ibm
0.03 lbm
0.08 Ibm

0.41 lbm
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h. The propellant valve can be removed and replaced without disassembly

of the engine.
A photograph of the engine assembly is shown in Figure 64,

10.2 Low Freezing Point Propellant Mixture Tests

10.2.1 Propellant Selection

Three low freezing point propellant mixtures of hydrazine, hydrazine
» nitrate, and water which had freezing points of +20°F, 0°F, and -20°F were
selected for study. The criteria for selection was that the theoretical flame
temperature of the propellant mixture be no greater than that of neat hydrazine,
A point of comparison at 40% ammonia dissociation was selected. At 40%
ammonia dissociation neat hydrazine has a theoretical flame femperafﬁre of
1,355°K. Figure 65 is a plot of theoretical flame temperature versus the
percent hydrazine in a mixture of hydrazine, hydrazinium nitrate, and water.
Figure 66 is a ternary diagram of the hydrazine, hydrazinium nitrate, water
propellant system. Lines of constant freezing point and vacuum specific
impulse have been plotted on the diagram. The line of a constant vacuum
specific impulse of 240 Ibf-sec/lbm is plotted on Figure &5 for freezing point
mixtures of +20°F, 0°F, ond -20°F, This line falls very close to the theo-
retical flome temperature of neat hydrazine and mixtures falling on this line

were selected for the propellant mixture tests,

The propellant mixtures were prepared by adding ammonium nitrate
and water in the required quantities to hydrazine, The resulting ammonia in
solution was removed by evacuating the propellant mixture, causing the
ammonia to boil off. Table XX lists the desired and actual propellant mix-

tures as determined by chemical and analytical analysis.
10.2.2 Test Results .

All propellant mixture tests were conducted at ambient temperature
and pressure conditions. A flightweight engine with a sea level nozzle of
1.5:1 expansion ratio was utilized for the tests. Steady state tests of 30 sec-
onds duration were conducted with the engine. Five (5) tests were conducted
with the +20°F and O°F freezing point propellant mixtures and four (4) tests

were conducted with the -20°F propellant mixture.
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Hydrazine
Hydrazine Nitrate
Water

Ammonia

Hydrazine
Hydrazine Nitrate
Water

Ammonia

Hydrazine
Hydrazine Nitrate
Water

Ammonia

TABLE XX

LOW FREEZING POINT PROPELLANT MIXTURES

+ 20°F Mixture

Desired

89.0%
9.0%
2.0%
0%

0°F Mixture

Desired

76.0%

18.0%
6.0%
0%

- 20°F Mixture

Desired

69.0%

23.0%
8.0%
0%
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Actual

87.18%
9.01%
3.15%
0.66%

Actual

75.14%
17 .87%
5.41%
0.79%

Actual

67 .2%
22.9%
9.0%
0.9%



Data obtained from the testing is summarized in Table XXI,

Smooth start transient and steady state operation were achieved
during all tests, No significant engine performance difference was noted
between the three propellant mixtures, Characteristic velocity averaged
4,189 ft/sec for the 14 tests conducted which is virtually identical to the
predicted value of 4,180 ft/sec. Two major trends were noted in the test
data. Ignition delay times and chamber pressure roughness both increased
slightly as the propellant freezing point was lowered. This trend is shown
in Figures 67 and 68 wherein ignition delay times and chamber pressure

roughness are plotted versus the propellant freezing point.

Pre- and post test catalyst bed weights were virtually identical
with no indication of any catalyst loss during the tests of 420 seconds total

test duration,
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